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NACA ARR No. L5EO02
HATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

PREDIGTION OF MOTIONS OF AN AIRPLANE RESULTING FROM
ABRUPT MOVEMEET OF LATERAL OR DIRECTIONAL CONTROLS
By Chester H, Wolowicz
SUHMARY
A procedure is presented‘for determining the motions
of an airplane resulting from the deflection of the

latersl cr directional conbtrols for the case of non~
linear derivatives. The step-by-step integration on

which the procedure is based considers the rolling, the

yawing, and the lateral accelerations computed from wind-
tunnel data as functions of the sideslip angle. A4 sample
computation table is presented to illustrate the appli-
cation of the procedure,

A compearison is mads of different methods for calcu-
lating the disturbed motions of an alirplane resulting

from an abrupt aileron movement., ZExperimental data, which

were obtained from conventional wind-tunnel tests of a

model of a recent fighter sirplane, are used in the com-
putations for comparing the vsrious methods.

The resulting solutions show that, for the case of

nonlinear derivatives, the calculated motions are in
better agreement with the results obtained from flight

teste if the rolling and yawing saccelerations computed

from static-model tests are considered as functions of

the sideslip angle, The lateral acceleration, which is

often assumed to be negligible, should be considered.

The variation of the rolling and yawing =accelesrations’

resulting from ailecron movement probably should also be

considered when sufficlent data are available., The

variation of the dynamic derivatives LD, Np, Lr’ and Nr

should also be taken into account when sufficlent dynamice-
test data are available, :

It is shown that the present step-by-step integration
method is reliable for cases in which only the first
quarter=cycle of the motion is required (for example, in
cases in which the maximum value of the sideslip angle is
desired for determining vertical-tail lcoads in rolling
pull-outs). For the range past the first quarter-cycle
of the motion curve, the method requires further refinements
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such as those provided by the Runge-Kutta summation
method. The present step-by-step integration method may
be applied to the solution of motions produced by rudder
movements or by & combination of rudder and ailleron
movement, as well as to the solution of motions produced
by ailsrons alone. .

INTRODUCTION

The increasing importance of predicting the flying
qualities and maneuverability of an .airplane has empha-
sized the need for a more accurate method of computing
the lateral motion resulting from abrupt control movement.
Increased speed and maneuverability have, in addition,
made it necessary to predict the maximum sidesllip angles
in lateral-control maneuvers in order that maximum
vertical-tail loads may be estimated.

Much work has been done on the subject of disturbed
motions (references 1 to 5), but all the solutions deal
with constant lateral-stability derivatives, These
treatments assume that the rolling-moment coefficient Cy

and the yewing-moment coefficient Cp are linear func-
tions of the sideslip angle B, the rolling veloclty p,
snd the yawing velocity r. Wind-tunnel tests, hcwever,
indicate that most present-day airplanes do not possess
these linecar variations of CL end C, with B, since

the degree of linearity is affected by such factors as
the geometry of the airplane, the powsr, the type of pro-
peller, and the blade angle.

Lack of mathematical equatlions for expressing the
derivatives as functions of the motions makes the method
of references 2 and !} inapplicable, The procedure for
the solution with nonlinear characteristics presented
herein is a refinement and an expansion of the integration
procedure of reference l.

with the wind-tunnel data available at the present
time, only the linear and angular accelsrations ﬁYB,

BLG’ BNB, OLg, and ONg may be determined as functions

of the sideslip angle PB. Lack of model-test data for
effects of the rate of roll p and the rate of yaw
3t11l makes it necessary to deal with the dynamic deriva-
tives Lp, Lp, and Tp determined from theoretical
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~ treatments (reference %). The dynamic derivative N,
is determined partly from wind-tunnel deta.and. partly

from theoretical considerations (references 6 and 7).

In the present report three previously established
prccedures, based upon constant derivatives, for deter-
mining the disturbed motions of an airplane that result
from abrupt alleron movement are compared with a step-by-
step integration procedure that considers accelerations,
computed from wind-tunnel data, as functions of the side-
slivp angle f. This step-by-step integration not only
generally provides more accurate sclutions for disturbed
motions but also should prove useful in determining the
vertical-tall loads resulting from rolling null-out
maneuvers as discussed in reference 5.

Unpublished experimental data (fig. 1) obtained from
conventional wind-tunnel tests of a model of a recent
fighter airplane are used in calculating the motions, and
the results are compared with flight results.

COEFFICIENTS AND SYMBOLS

The coefficlents and symbols used herein are referred
to a system of axes in which the Z-axls is in the plane
of symmetry and perpendicular to the relative air stream,
the X-axis is in the plane of symnetry and perpendicular
to the Z-axis, and the Y-axis 1s perpendicular to the
plane of symmetry. The coecfficients and symbols are
defined as follows:

¢ airplane 1ift coefficient [Hiil
Clyy 1ift coefficient of wing
ACLe increment of 1ift coefficient resulting from

Tlap deflecticn
CdOW profile-drag coefficlent of wing

AGa increment of DPOfl]e drag coefficlent caused by
£ flap deflection

Cy rolling-moment coefficient (Rollingmoment)
Cn yawing-moment coefficient (YaWingsﬁoment)
qso
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rolling-moment coefficient caused by alleron
deflection’

vawing-moment coefficient caused by alleron
deflection

lateral-force coefficient (Lateral force)

as
wing span, feet

flap span, feet
taper rat;o; ratio of tip dhord to root chord
aspect ratio

distance from center of gravity to rudder hinge
line, feet

aileron deflection, degrses; used with subscripts
L and R +to refer to left and right ailerons,
respectively

flap deflection, degrees

rudder deflection, degrees

angle of attack of vertical tail, degrees

absolute angle of attack of wing measured from
zero-11ft line, degrees

angle of yaw, degrees

sideslip angle, radians except as otherwise

indicated; considered in static wind-tunnel tests

to be equal to -~V

rate of change of yawlng-moment coefficient with

C
rudder deflection égﬁ

Y

inverse of rudder effectiveness parameter at
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N

N

rate -of change of- rolling-moment. coefficient.

oC
with wing-tip helix angle L
pb
o
. 2V,
rate of change of_yawing—mbment coefficient with
L) 3 ‘ éCn |
wing-tip helix angle —Eg
0%
rate of change of rolling-moment coefficient
oC
with I2 L
2v 5Tb
57/
rate of change of yawing-moment cocfficient
. ¢
with g-% ' ——E-:%I
2v/

rate of change of vawing-moment coefficient with

dCp
angle of yaw EET

rate of change of rolling acceleration with rate

of ro1l (¢, ->-35P

rate of change of rolling acceleration with rate
b qSb
of yaw C1., e
(0 322
rate of change of yawing acceleration with rate
of roll Cn -,,B--E-S-E—
P 2V mk 2
Z
rate of change of yawing acceleration with rate

of vaw Gnl" __O____C_l_;?_?_
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rolling acceleration caused by control deflection,

mky 2
(Subserints a and r indicate aileron and
rudder, respectively.)

radians per second per second

yvawing acceleration caused by control deflection,

ndsb
radians per second per second 5
I’ﬂkz

(Subscripts a and r indicate aileron and
rudder, respectively.)

relling acceleration resulting from sideslip angle,
qu

radians per second per second <%Z

vawing acceleration resulting from 51dﬁsllp angle,

radians per second per seécond (% qu)

sideslipping acceleration rcsulting from sideslip

angle, feet per second per second (CY-qS>
rolling angular acceleration, radians per second
per second

awing engular acceleration, radians per second
) 8 Z ’
pcr second

1

sideslipping velocity, radians per second

sideslipping acceleration, feet per second per
second

net induced rolling accelerations at t = n

net induced yawing accelerations at ¢t = n
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P - -rolling velocity, radians per second except as
otherwise indicated ‘

r yawing velocity, radians per second except as
otherwise indicated : '

3 angle of roll, radians except as otherwise
indicated

alr density, slugs per cubic feet

Y velocity along X-axls, feet per second

v sideslipping component of velocity, feet per
second

o] dynamic pressure, pounds per square foot <%pV?>

S wing area, square feet

m mass of airplane, slugs

kX radius of gyration about X-sxis, feet

kz radius of gyration about Z-axis, feet

t time, seconds

g gravitational acceleration (32.2 ft/se02>

Ko Eps Ky Ko, K3 constants used in determining Np

The subscripts n and n - 1 denote values corresponding
to the time +t and to the immediately preceding time
t - At, respectively.

PROCEDURE FOR COMPUTING LATERAL MOTIONS

BY STEP~-BY-STEP INTEGRATION

A11 the procedurecs considered for determination of
disturbed motlions are based upon the following well-known
dynamic lateral-motion equations.for level flight:

dp _
at = OLg * PLy + rL, + PLg (1)
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dr

5T = Olig *+ plp + rl‘v;r + pNg (2)
%% =g sin § -2V + Y, (3)
g..g = (ly)

B2 (5)

The individual terms in equations (1) and (2) rep=-
resent the values of the instantaneous angular accelera-
tions produced by the magnitude of the aerodynamic
moments acting on the airplane at any given instant of
time. The individual terms in equation (3) similarly
represent the instantaneous lateral accelerations produced
by the gravitational and aerodynamic forces. The instan-
taneous accelerations are independent of the manner in
which the aerodynamic moments and forces vary and are
dependent only upon the instanteneous magnitudes of the
moments and forces acting at any given time.

For the linear case, the acceleration terms such as
flNg and pN, may be expressed as products of an angular

displacement or veloclty, as the case may be, and a con-
stant slope representing the acceleration caused by the
disturbance per unit disturbed motion. Equations (1)

to (L) mavy therefore be directly integrated (reference 2).

For the nonlinear case, direct integration is seldom
possible. When direct integration is not possible, the
accelerations, such as BNﬁ, BYB, and 0Lg, determined
from model experimental data, may be plotted as functions
of PB; such a plot permits a solution for the nonlinear
case of disturbed motions by the use of step-by-step
integration or, when available, a differential analyzer.
No veriation of ©8Lg and ©ONy with £ was considered
for the airplane in the present report since no such
experimental data were avallable.

The appendix presents the data, the references,
the calculations, and the information for curves such
ags figure 2 necessary for the formal step-by-step
integration. The expression for N,, as glven in
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the appendix and used in conjunction with the method of
the "present reporty differs slightly from the expression
given in reference 6 in that the first term of the equa-
tion for the determination of GO, in reference 6

A
11&.65 Cp - an
" "tail on tall off

which represents the damping of the vertical tail and is
suitable for propeller-off conditions, has been replaced
herein by the expression

l
.11u.6b Cn5r5

T
Qy

Anelysis indicated that the rotation of the propeller
slipstream and sidewash in model tests precluded a reliable

detefmination of the vertical-tail effectiveness 2

a
v
when the expression of reference 6 was used. The expres -
sion given in the present report is more general and is
suitable for any power and propeller arrangement.

The values of Ko Kz, and K have not been

>
solved for in the appendix since they are used for flaps-
deflected conditions and the airplane used in the present
report was in the crulsing configuration. After the
calculations indicated in the appendix have been made and
after curves such as figure 2 have been plotted, the
step-by-step integration form shown as table I may be
used. In using the step-by-step integration, it may be
desirable to use time increments of 1/10 second for com-
putational convenience as well as for brevity of the
solution combined with a fairly good degree of accuracy.

The integration indicated in table I is based upon
the summation process of solution of equations (1) to (5).
Thils summation process, as used in table T, may be
expressed as : '

dp

At + p,_ (6)
at -1 n-1

Pn <
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Pp '+ Pn-l
ﬁn = > ALt + ﬂn_l . (7)
_ /dr
I’n = ‘a"E o1 At + I‘n_l (8)
a
b= (3) 4%+ Foa (9)
where
dp
(—— = 8L + p. L. + T L. + (BL (10)
at/,_q 6" "n-1"p © n-lr B>n-1
dr)
- = BN, + N. + r N, + N 11
at/, ., 5 T Pnoilp *t Tl (B @)n_l (11)
BY )
ap _ & ( b n-1l
— ooy 2 - + R
Cr N A - (12)

The subscripts n and n - 1 denote values corresponding
to the time t and to the immediately preceding time
t - At, ©respectively.

The first step in using the step-by-step integration
involves the insertion of values for the constant accelera-
tions and derivatives 5L6, 6N6, LD, Lps Np, and Ny,
in columns (%), (11), (20}, (21), (2L), and (25) in the
underlined spaces provided in the headings of table T.

The values in radian measure of the initial rate of roll p,
the angle of bank @, the rate of yaw r, and the angle

of sideslip § should be Iinserted in colums (5), (8),
(13), and (18) for t = O, From curves such as figure 2,
the values of BYQ, BLS’ and BNB should be determined

for the value of f$ at t = 0 (B = 0 in the present case).
These values should be inserted in columns (14), (19),
and (23) for t = O.
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Golmms (9)5-(10), (15), (16), (20) to (22), and (2l)
to (26) may now be filled in for t = 0, Colum (22) pro-
vides the induced rolling accelerations; column (26) pro-
vides the induced yawing sccelerations. The net instan-
taneous rolling and yawing sccelerations may now be
determined for t = O by performing the computations
indicated in columns (3) and (11).

By repesting the procedure indicated in the headings
of table I and by using the sample values obtained for
t = 0, the values of p, @, r, and [ are obtained
for t = 0.1 second. After the value of p for
t = 0.1 second has been obtalned, corresponding values
of BY., BLB’ and BN are determined and inserted in

columns (1), (19), and (2%) for t = 0.1 second. The
net induced accelerations ZLh and ZN for t = C.1 second

may now be determined {columns (22) and (26)) and, as a
result, the values in columns (3) aend (11) may be deter-
mined for t = 0.1 second. The remainder of table I for
the other values of t may now be solved by repeating

the procedure indlcated in the headings and by using curves
similar to figure 2.

The angle of bank ¢ was determined by averaging
the rate of roll p (columns (5) to (7)). This averaging
was not followed through for sin # and for r in the
determination of B, because it was thought desirable
to maintain simpliclty In the table and the errors intro-
duced by a disregard of these averagss are small and
are within the accuracy of the data used for the calcula-
tions in the avpendix.

The step-by~step integration presented herein is
not limited to the solution of motions produced by ailerons.
Such integration may just as readily be applied to the
solution of disturbed motlons produtced by rudder movements
or by a combination of rudder snd allsron movement. For
the case of lateral disturbances caused by rudder alone,
6alp, end 8alNg, would be chenged to 0pLp, and 5rN5r'

Yhen the step~-by-step integration is applied with
variable derivatives to flight conditions involving accel=-
erations greater than 1l g, the value of the alrplane speed
used should be the true ailrspeed V., The acceleration,
however, must be considered in determining the alrplane
1ift coefficient. The values of Cna and Cla

(if an sileron movement 1s concerned) and the derivatives
correspond to the new 1i1ft coefficient.
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 COWPARISON OF FROCEDURES FCOR COMPUTING

LATERAL DISTURDANCES

The characteristic curves obtained by the step-by-
step integration sre compared in figures % to & with the
results obtained from actual flight tests; with the
method of differential operators (refersnce 2), which
is an exact solution dealing with constant slopes; and
with en apnroximate anelytical solution in which constant
slopes are also used (reference ) and which is applicable
only to the golutlon of the sideslip angle, When the
maximum sideslip angle was computed by the approximate
method of reference 5, the computed value was found to

20
be 57.5°, which does not compare with the 182~ determined

from flight tests. When the value of (, was considered

equal to C, + C, Eg, the computed value of the maximum
2 pev

gideslip angle was determined to be &9.20, which is still

rather high, The present procedure provides the most

accurate correlation with flight test results for all the

motione considered.

Tt should be noted that the refinement used in the
present report for the determination of N, was not used
in the application of the methods of references 2 and L.
Tt should also be noted that v/V, which is considered
equal to the value of £ in radlans in all the procedures,
is in its strictest sense equal to tan 3. The assumption

v
that g = 7 lecads to much larger errors for large values

than for small values of (. For example, consideration
of thesge two sources of error reduces the maximum side-
slip angle of 92°, shown for the apnroximate procedure of
reference L., to a value of 560, The improved method in
considering ¥, accounted for 90, whereas the other 27°
were sccounted for by the fact that v/V was considered
equal to tan . In the case of the step-by-step pro-
cedure of the present report, the wmaximum sidseslip angle
would have been equal to about 259 if N, had been deter-
mined by the method of reference 6. If v/V had been
congidered equal to tan B, the maximum sideslip angle
by thongtep-by-step method would have been rcduced

aboub ﬁ .
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For solutions involving the assumption of linear
slopes, the slopes used in the présent problem were arbis -
trarily measured through ¢ = 0°. If the more usual
practice of selecting the average slopes over a wider
range of yaw angles had been employed, the calculated
results would have approached more closely the results
of thc variable-slope method. For cases in which vertical
tail loads in high-specd dives are of primary concern,
however, small angles of sideslip may be critical, and
consideration of average slopes over a wide range of yaw
angles may be unwise. It appears thercfore that, although
the previous procedurcs may be roasonably reliable in a
numher of instances in which the characteristic Cys Cns

and Cy curves possess approximately linear relation-
ships, nonlinear characteristics occur with sufficient

frequency to make the gensral use of the nonlincar step-
by-step procedure desirable.

In order to determine the importance of the lateral-
acceleration term Yy, the present procedure was

repeated with RY_, = 0. Although the resulting curves
indicate that the influence of pY, for the subject
airplane was not very large, the effsct of BY@ may be

more sigrnificant for other types of airplane and there-
fore should not be neglected.

A comparison of the step-by-step solution using
constant slopes with the method of differential operators
(refercnce 2) indicated that values obtained by the step-
by-stcp solution tended to deviate a little more from
flight test results than the values obtained by the opera-
tional method. The step-by-step solution, for this
particular comparison, apparently gives a sideslip angle
approximately 2° larger than the operational procedure of
reference 2, The tendency of the step-by-step solution
in the linear case to deviate a little more from flight
tests than a direct integration procedure may reasonably
be presumed to persist in the application of the step-by-
step solution to the nonlinear case, as in the present
report. Further refinement of the step-by-step procedure
may therefore be expected to provide correspondingly
closer agrecment with flight. The Runge-Kutta swmation
mcthod (references 8 and 9) provides such refinements of
procedures. The step-by-step procedure as outlined in
the present report, however, is believed to provide
sufficient engineering accuracy when no more than the
Tirst yuerter-cycle of the mosion is reduired.
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Although ©6Lg and ©ONs were considered constants
in the preceding example, further analysis indicated that
the rolling and yawing accelerations resulting from
ailleron deflection should also be considered functions
of B for a greater degree of accuracy. It is quite
possible that Lp, Np, L, and N, are not constant as
ordinarily assumed and as assumed in the present report,.
If these parameters are not constant, some of the dis-
crepancy that still exists between flight test results
and the present method would ve explained. Until experi-
mental data from dynamic-model tests are available, how-
ever, these values must be presumed constant for lack of
more complete information. Cther possible sources of
discrepancy between calculations and flight results are
the assumptions of level flight, constant normal accel-
eration, constant speced, and instantaneous control
deflection. For practical purposes, however, 1t was not
belicved necessary to take these factors into account.

CONCLUSTONS

A procedure based upon step-by-gtep integration is
prcsented for determining the disturbed motions of an
airnlenc resulting from the <oeflection of the lateral or
dircctional controls for the case of nonlinear derivatives.
A cowmparison of the step-by~-step procedure with other
methods indicated the following conclusions:

l. The calculated disturbed motions of an airplane
resulting from abrupt control movement will be in better
agreement with the results obtained from flight tests if
the variation of the experimentally determined rolling,
yawing, and sideslipping accelerations BLB, BNB’ and
QYB with the angle of sideslipy { 1sg considered. The
sideclipping acceleration pYs, which 1s often assumed

i
negligible, should be considered. The varlation of the
rolling and yawing accelerations GaLﬁa and 6aN5a
resulting from ailsron movement probably should also be
considered when sufficient data are available. The
variation of the dynamic derivatives Lp, Np, Iy
and 1, should also be taken into account when sufficient
dynamic-test data are avallable.
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2. The value of the maximum sideslip angle for use
in the determination of the vertical-tail loads in rolling
pull-out maneuvers should be obtained by using the step-
by-step Integration method.

5« The step-by-step integration may be applied to
the solution of motions produced by rudder movements or
by a combination rudder and aileron movement, as well as
to the solution of motions preduced by ailerons alone
when only the first quarter-cycle of the motion is dasired.

Langley Memcrial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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APPENDIX

DETERMINATION OF DYNAMIC LATERAL MOTIONE OF A FIGHTER

LTRPLANE DUE TO ABRUPT AILERON MOVEMENT

Data regquired.- For the fighter airplane used in
the illustration, the data required for the determination
of dynamic lateral motions resulting from abrupt aileron
moverent are as follows:

b, ft. . . . » . 0 . . h2083. cd . . . . . . . . 0.0l

14

bf, percent b . . . . . . 60 Acdﬁf . . . . . . . . O

K . . . ' 'Y . . . . . . 0050 CLa ] . [y . . . . . O-Ou

A . o, . . . . ) . . . . 5-5 Cna . . . . . . -—0-0065

1, ft « « « v o .« o . 20.5 Cns Op . e e a 0.00lh?h
6:{? av

Bars G8Z o « « o o+ oo+ 1275V, fpS . oo 0. 1h2.2

Bas 088 .+ + « « .+ .« . =17 a, 1b/sg ft . . . 24.09

6f, deg . . . . . . . . . . O m, Slugs . . . . . . 558

ag, deg « « + + + o oo« IT.1 8, 5@ fE ... 23],

CLW * . [ . . . » . ] . l.bz kxz, Sq ft . . [ » 35-52
ol

ACLf [ L) . . . . . . L] . . O k7w, Sq ft . . . . . 57-9

Landing gear . . . . . Retracted
The value of 5ra = «2,0 1is determined from reference 10,
v

Procedure.~- From reference 3, determine

CZ/ = -O.LL25

Q
1

-0.0655
= 0.308

Q
o~
I
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Then, from reference 6,;depermine i

K. = -0.3%3% l_"'_é_ﬁ'

o 2 + 2\

,=.-o.27u9
From reference 7, determine
K

1 = -0.0202

Compute the following:

— b qSb q3Sb
L. = Cy = - 8.T 22
8] Zp 2V kad a-%g lg mi 2
= -1.03l = 1.1196
b gSb Sb
N, = — i N5, = =
P Dy, 2v mkza aNs, = Ong mkzz
= -0.161 = -0.108
- b qSb
Ly Cip 2V .2
X :&X
= 1.%3%
7 -
N, = {-11)4.6 = 8 + X + Ko A
r [ L ]gcnar Ta, oCdOW f Cdof
- 2 - 21 aSb b
+ 1(;\ C + + g G et —"'?
"1V Ly K2 ACLf CLW R5 <AULf>l]med 2V

i

-0.3%108
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From wind-tunnel dats for the configuration con-
sidersd (fig. 1), plet the following against £ or =Vt

BL, = 0, —B2
B LN
miky
Sb
BN_ = C _.(.1_._’_
p-n 2
yA
= 0.5
BYg = Cy m

The values of Kes Kg, and K5 have not been solved

for since they are used for flaps-deflected conditions
and the airplane used In the present report was in the
cruising configuration. For flaps-deflected conditions,
Ky may be determined from the following formula from

refersnce 6:

by
ool L
T ' b 2 + 2\

The values of ¥, and K5 mey be determined from
reference 7.

Although the values of Cpn and (Cy in the present
r

report have been determined solely from the curves of
reforonce 3, 1t may be desirable in soms cases to include
the effects of the vertical tail by use of the method of

raforcnce 11,
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TABLE Y.~ PORTION OF TABLE USEDL TO DETERM-NE DISTURHEED MOTIONS OF A FIGHTER AIRPLANE FESULTING FROM ABRUPT DEFLECTION OF AILERONS
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Figure &,— Comparison of angle-of-bank curves for a fighter airplane obtained by severa/
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Frgure 6.- Comparison of yawing-velocity curves for a fighter airplane obfained by
several different methods of calculation and by flight tests. Airplane in- cruising
configuration; C =142.
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